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palavras-chave 
 
Hidróxido duplo lamelares, síntese, coprecipitação, inibidor de corrosão, 
dispersão dinâmica de luz, difração de raio X. 
 
resumo 
 
 
O principal objectivo do presente trabalho consiste na preparação de nanoreservatórios 
inorgânicos baseado em hidróxidos duplos lamelares (LDHs) para intercalação de 
espécies activas, nomeadamente inibidores de corrosão. LDHs são conhecidos como 
estruturas inorgânicas constituídas por camadas de hidróxidos de catiões metálicos com 
carga positiva compensada pela presença de aniões e moléculas de água no espaço 
entre as referidas camadas. A característica mais importante deste material é a sua 
capacidade de permuta aniónica. Neste trabalho os LDHs foram preparados de acordo 
com duas metodologias: coprecipitação, e calcinação-rehidratação de LDHs comerciais. 
No caso dos LDHs obtidos por coprecipitação a intercalação de inibidores efectuou-se 
por reacção de permuta aniónica, enquanto que no caso de LDHs obtidos por 
calcinação-rehidratação, a intercalação do inibidor é intrínsica ao passo de 
rehidratação/reconstrução. Estrutura, morfologia e propriedades coloidais dos LDHs 
obtidos foram caracterizadas por difracção de raios-X (DRX), espectroscopia de 
infravermelho por transformada de Fourier (FTIR), microscopias eletrónicas (SEM), 
dispersão dinâmica de luz (DLS), análise química (ICP-OES) e térmica 
(termogravimetria, TG). No caso de LDHs sintetizados por coprecipitação as condições 
de síntese, nomeadamente tratamento hidrotérmico, temperatura, pH e presença de 
surfactantes, foram optimizadas para obter LDHs com as características adequadas para 
incorporação em revestimentos anticorrosão (cristalinidade, tamanho das partículas). 
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abstract 
 
The main objective of the present work is the preparation of inorganic nanoreservoirs 
based on layered double hydroxides (LDHs) for  intercalation of active species, namely 
corrosion inhibitors.  
Layered double hydroxides are known as structures consisting of positively-charged, 
mixed-metal hydroxide layers, between which balancing anions and water molecules
are found. The most important feature of this material is its anion exchange ability. 
LDHs have been prepared by two methodologies: coprecipitation and calcination-
rehydration of commercial LDHs. In the case of LDHs prepared by coprecipitation, the 
subsequent intercalation of corrosion inhibitors was performed by anion-exchange 
reaction, while in the case of calcination-rehydration the intercalation of inhibitor is 
intrinsic to rehydration/reconstruction step. Structure, morphology and colloidal 
properties of the resulting nanocontainers have been characterized using X-ray 
diffraction (XRD), Fourier transform infrared specroscopy FTIR, electron microscopies
(SEM), dynamic light scattering (DLS), chemical (inductively coupled plasma optical 
emission spectrometry, ICP-OES) and thermal analysis (thermogravimetry, TG). In the 
case of LDHs synthesized by coprecipitation, the synthesis conditions, namely 
hydrothermal treatment, temperature, pH and presence of surfactant were optimized 
with the aim to obtain LDHs suitable for incorporation in anticorrosion coatings 
(crystallinity, particle size).   
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Introduction 
In everyday life people are surrounded by metallic structures. Buildings, bridges, 
automobiles, passenger trains, ships, docks, storage tanks are made from different types of 
steel. Aluminum alloys are also applied in various fields, from aircraft industries and 
finishing to food containers and electronic equipment. Copper is used for the construction 
of water pipes and electrical connectors. Metals can also be associated with biomedical 
applications, namely for hip or kneel replacements, for construction of arterial stents, 
surgical plates, screws, and wires [1]. However, all common metals have a tendency to 
react with the environment in different extents and rates. In general, the process of 
degradation of materials (in particular, metals) by interaction with the environment is 
called corrosion [2]. In addition, the costs connected with repairing and maintenance of 
damaged structures caused by corrosion is large (3-4% of GNP in industrialised countries) 
[1, 2]. Hence, corrosion protection is a very important and actual aspect. 
There are many corrosion control methods, among them are the following: the use of 
inorganic, organic or metallic coatings; cathodic and anodic protection; the use of 
corrosion inhibitors and removal of aggressive components. The choice of the most 
appropriate method depends on the type of metals or alloys and the features of the 
surrounding environment. Often, an effective protection is achieved when different 
methods are combined (e.g. cathodic protection together with corrosion inhibitors and 
coatings [3]).  
The utilisation of chromates as corrosion inhibitors has been considered among the 
most effective species for corrosion protection. Chromate anions can act simultaneously as 
anodic and cathodic inhibitor and reduce the overall electrochemical activity on the 
surface. Even a low concentration of chromates is enough to obtain anticorrosion activity. 
These anions can passivate metals after being released from chromate-based coatings 
(conversion coatings prepared via anodization), because of the reaction with the actively 
corroding sites. Some chromate-based pigments (as BaCrO4 and SrCrO4) can also be 
introduced into polymer matrices, revealing an effective corrosion inhibition for a wide 
range of metals [4]. All these characteristics made chromates very attractive for active 
corrosion protection. However, since 2007 strict law regulations have forbidden the 
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application of Cr6+-containing species in corrosion protection systems, activating intense 
research for finding “greener” approaches for an effective replacement of chromates. The 
list of currently available inhibitors for different applications is wide. Among them one 
may find silicates, polyphosphates, benzotriazole, sodium mercaptobenzothiazole, different 
amines, amides etc. [1]. One strategy to obtain proper corrosion protection has been 
accomplished by combination of different corrosion inhibitors in the same system. There 
are patents for corrosion protection in cooling water systems containing mixtures of 
inhibitors (so-called inhibitors packages). For example, Li et al. have patented an inhibitor 
package of sodium silicate, sodium tungstate, sodium phosphate/hexametaphosphate and 
benzotriazole/mercaptobenzothiazole along with an acrylic co-polymer for desalted 
circulating cooling water system [6]. Cao has patented another combination of inhibitors: 
sodium gluconate, benzotriazole, tolyltriazole, molybdate, tungstate and ZnSO4 [7]. Tayler 
et al. have studied the synergetic inhibition of anodic (vanadates, molybdates, tungstates, 
phosphates, borates) and cathodic inhibitors (cerium, yttrium, lanthanum, europium, 
gadolinium, neodymium) as possible substitutes for chromates [8]. Aballe and collegues 
have also studied corrosion inhibition of Al-Mg alloy (AA5083) by binary solution of 
cerium and lanthanum chlorides [9].  
One of the most common approaches for protection of metals and corresponding 
alloys is based on application of organic coatings with corrosion inhibitors. The coating 
acts as a barrier against aggressive species (passive protection) while the inhibitors act 
actively in the corrosion processes at the metal surface (active protection). Nevertheless, 
the direct dispersion of corrosion inhibitor in organic coating matrices can lead to the 
detrimental interaction between them, osmotic blistering due to the solubility of inhibitors, 
and spontaneous leaching of inhibitors that may exhaust the active protection functionality 
and thus reduce the service life of metallic substrates. These negative results can be 
suppressed, or at least minimised, if the active species are loaded in inert hosting 
nanostructures, capable of entrapping the corrosion inhibitors and releasing them only 
when specific conditions in the surrounding media coinciding with corrosion initiation are 
verified, namely pH changes and presence of aggressive species (e.g. Cl-, SO42-) [5]. These 
are commonly designated as micro and nanocontainers. Among them one may find mixed-
oxide nanoparticles, β-cyclodextrin-inhibitor complexes or hollow propylene fibers [10]. 
Additionally, the layer-by-layer (LbL) technique which allows the deposition of oppositely 
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charged species on substrates has been suggested as an interesting way of synthesising 
nanocontainers with controlled storage-release properties. For example, corrosion 
inhibitors can be entrapped between polyelectrolyte multilayers and consequently these 
nanoreservoirs can be incorporated in anticorrosion protective films [10, 11]. Application 
of polyelectrolyte self-assembly method with different template cores [12, 13] allows the 
preparation of a variety of nanocontainers that can be potentially interesting for exploration 
in corrosion science since the permeability of the polyelectrolytes is dependent on pH, an 
important parameter for the occurrence of corrosion processes.  
Ion exchangers are another example of ‘smart’ reservoirs for the release of species. 
In this case the release is triggered by the presence of ions in the neighbouring 
environment. These include cation-exchangers such as bentonite and anion-exchangers like 
layered double hydroxides (LDHs). LDHs are particularly attractive systems because of 
their environmental friendly properties, possibility of intercalation of different types of 
organic or inorganic anions into their structure, simplicity and low-cost of preparation.  
 
Objectives 
The main goal of the present work is to prepare of inorganic nanoreservoirs based 
on layered double hydroxides with active species - corrosion inhibitors. This is 
accomplished by completion of the following objectives: 
-To synthesize different inorganic, nanostructured materials to be used as reservoirs 
for corrosion inhibitors; 
-To intercalate/load active species (corrosion inhibitors) in the inorganic hosting 
structures; 
-To perform structural, morphological and compositional characterization of the 
obtained reservoir/inhibitor systems. 
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Chapter 1. State of the art 
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1.1. Structure of LDHs  
Layered materials like clay minerals, metal phosphates and phosphonates, graphite 
among others are attractive materials as host structures for intercalation of guest molecules, 
together with the possibility of exchanging ions [14, 15]. Another example of layered 
structures is the layered double hydroxides (LDHs). They exist as occurring materials in 
nature, like hydrotalcite ([Mg6Al2(OH)16CO3·4H2O]) and pyroaurite 
([Mg6Fe2CO3(OH)16·4H2O]), but can also be obtained synthetically [16]. In the laboratory 
they were prepared in 1942 by Feitknecht through a reaction between diluted aqueous 
metal salt solutions and base. However, their structural characterization has only started on 
the 1960-s [14, 16].  
LDHs are crystalline inorganic structures that consist of stacks of positively-
charged, mixed-metal hydroxides separated by galleries where anionic species and solvent 
molecules can be intercalated [14, 18]. The LDH structure is based on the brucite 
[Mg(OH)2] structure, where divalent cations are substituted by trivalent ones, with the 
layers of hydroxide, becoming positively charged, which is balanced by presence of anions 
and water molecules within the interlayer space. The general formula of LDH is the 
following [14]: 
[M2+1-x M3+x(OH)2]An-x/n · mH2O                                            (1) 
where, 
M2+, M3+ - divalent and trivalent cations; x is the ratio between di-and trivalent metals 
M3+/(M2+ +M3+); 
An- anion with the valence n.  
 
 
 
 8 
Schematically, the LDH structure is presented in Figure 1.1.1.: 
 
Figure 1.1.1. Scheme of the LDH structure 
Different ions can be used as M2+ and M3+, as long as their ionic radii do not differ 
in a large extent from the radius of Mg2+ (0.65 Ǻ), to facilitate their accommodation in the 
holes of close-packed OH groups in the hydroxide layers for the LDH formation.  These 
include Mg2+, Zn2+, Fe2+, Co2+, Cu2+, Ni2+, Cd2+; Al3+, Cr3+, Ga3+, Fe3+ [14, 16]. In addition 
to M2+/M3+-LDHs types, other compositions of LDHs have also been prepared. Porta [19] 
has successfully synthesized hydrotalcite like materials composed of mixtures of divalent 
and trivalent ions (Cu/Zn/Co/Al/Cr). Another interesting type of LDHs contains 
monovalent and trivalent matrix cations, ([LiAl2(OH)6]+A-· mH2O), where sheets of 
aluminium octahedra with vacancies are filled by lithium atoms [14, 16]. Besides, trials of 
preparation of LDHs containing rare-earth metals, including Ce3+, Zr4+ have been 
published as well [20, 21, 22].  
In the LDHs structure hydroxide layers are close packed. In the (110) plane all sites 
can be represented as A, B, C (depending on the lattice translations-1/3, 2/3, 0, 2/3,1/3,0). 
Analogously, a, b, c can describe the position of octahedral holes which are occupied by 
metal cations. Hence, a structure of a single brucite layer can be represented as, for 
example, AbC, (if close packed hydroxyls are situated in A and C sites, therefore, the 
cations occupy the b sites). Moreover, AbC sheets can be stacked in various ways, 
resulting in polytypism [16]. Polytypism phenomenon consists of the existence of an 
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element or compound in several structural modifications with difference in the stacking 
sequence, but with the identical (or near identical) structure and composition [14]. 
All polytypes can be classified in the frame of the number of stacked sheets along 
the c axis in the unit cell. For instance, if the opposite hydroxyl groups of adjacent layers 
lie vertically above one another (all are in C sites), a trygonal prismatic arrangement occurs 
(denoted as =). On the other hand, if OH groups are offset (one layer is in C sites and 
others are in A or B sites), six hydroxyls form an octahedral arrangement (denoted as ~). 
Brucite itself can be described as [16]: 
…AbC~AbC… (1H) 
Where 1H means: 
H-stacking sequence with hexagonal structure; 
1-one layer polytype; 
For LDHs the following types of stacking are usually found: 3R and 2H [26]. There 
are three possible two-layer polytypes with hexagonal stacking of sheets: 
…AbC=CbA=AbC… (2H1) 
…AbC~AcB~AbC… (2H2) 
…AbC~BcA=AbC… (2H3) 
In 2H1 polytype all cations occupy b sites, whereas for other polytypes cations 
alternate between b and c sites. In addition in 2H1 and 2H2 polytypes interlayers are all 
prismatic and octahedral respectively, while 2H3 contains both of these interlayer 
arrangement types. The possible three-layer polytypes with rhombohedral symmetry are 
presented below: 
…AbC=CaB=BcA=AbC… (3R1) 
…AbC~BcA~CaB~AbC… (3R2) 
The remaining seven possible three-layer stackings have hexagonal symmetry [16]: 
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…AbC~AcB~AcB~AbC… (3H1) 
…AbC~AcB~CaB~AbC… (3H2) 
…AbC~AcB=BcA~AbC… (3H3) 
… 
For 3R1, 3R2 and 3H2 polytypes cations are distributed among all possible sites a, b, 
c. On the other hand, for different polytypes the interlayers can all be prismatic (3R1) or 
octahedral (3R2, 3H1, 3H2) or both (3H3 -3H7) [16]. 
As an example, the mentioned mineral with the structure 
[Mg6Fe2CO3(OH)16·4H2O] can have a three-layer repeat (3R polytype-pyroaurite) and a 
two-layer repeat (2H polytype-sjögrenite) [14]. Natural occurred [Mg6Al2(OH)16CO3 
·4H2O] can have 2H1- manasseite and 3R1-hydrotalcite polytypes. Many synthetic LDHs 
form 3R structural polytype, for example, [Zn2Al(OH)6Cl·2H2O] [26]. Furthermore, for 
synthetic LDHs faults in the stacking arrangement can occur, owing to fine intergrowth of 
rhombohedral with hexagonal polytypes. This fact is based on the equal layer–interlayer 
topology of the two polytypes. Studies of Pausch et al. [27] and Clause et al. [28] showed 
the influence of nature and composition of the layer–interlayer bonds and synthesis 
methodology on the appearance of layer stacking faults.  
There are no strong restrictions in the type of balancing anions in the interlayer 
space. Usually, in naturally-occurring LDHs, the intercalating anions are carbonates. In the 
synthetic ones, the list of possible anions is wide from inorganic to organic, including 
biomolecules, pharmaceuticals, vitamins and metal complexes like hexacyanoferrates (II, 
III) [14, 17, 25, 29]. The change of ratios between cations allows the variations of number 
and arrangement of charged balancing anions. It makes LDHs a very attractive and 
interesting object for material scientists in the frame of their possible applications. 
Interactions between the anions (guests) and brucite like layers (host) of LDHs are 
based on the electrostatic interactions and hydrogen bonding between hydroxyl surface 
groups and the anions. They depend on the ordering of cations and nature of anion. For 
example, oxoanions can strongly interact with hydroxyls forming dense packing structures. 
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It is based on the possibility of different rhombohedral and hexahedral stackings to form 
octahedral, prismatic, and tetrahedral interlayer crystallographic sites, which can ideally 
accommodate monomeric oxoanions. Optimal hydrogen bonds can be formed, when units 
are arranged face to face or corner to corner. Carbonates and sulfates form hydrogen bonds 
with hydroxyls, while nitrates randomly spread in the interlayer space. The intercalation of 
organic anions is usually accompanied by formation of hydrogen bonds between their 
anionic groups (-CO2-, -SO3-, -PO32-) and surface hydroxyls, whereas hydrophobic carbon 
chains are organised out from the hydrophilic layer surface (the lowest energy 
conformation). Interlayer packing is dependent on charge-size relation of organic anions 
and the equivalent area of the layer. Thus, optimal packing is formed when the cross-
sectional area is similar to the equivalent area of the layer. Besides, guest-guest 
interactions are determined by the layer charged density. The latter is particularly 
important for catalytic reactions and in situ polymerization [26]. 
1.2. Synthesis methodologies of LDHs 
LDHs present a class of materials, which can be easily prepared in laboratory 
conditions. Several general routes of LDH synthesis can be identified:  
1. direct synthesis by coprecipitation;  
2. ion-exchange of LDH precursor;  
3. rehydration of calcined LDH precursor;  
4. other routes. 
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1.2.1. Coprecipitation methodology  
It is the most common route for LDH preparation. Its advantage consists of being 
easily scaled up for synthesising larger amounts of material. This route allows preparation 
of a variability of LDHs, containing inorganic and organic anions, especially such organic 
molecules which are very difficult to intercalate by other methods [14, 17]. 
In general, LDH formation by coprecipitation technique consists in nucleation and 
growth of M2+/M3+ hydroxide layers from an aqueous solution, containing the anion, 
which will be incorporated in the LDH structure. To ensure simultaneous precipitation of 
two or even more cations, the synthesis should be carried out with pH control (under 
supersaturation conditions). For this aim, the choice of pH synthesis should be done 
according to the following rule: pH should be higher or equal to pH at which the most 
soluble hydroxide is precipitated [17]. Table 1.2.1 presents the pH values of precipitation 
of some divalent and trivalent hydroxides. 
Table 1.2.1. pH values of precipitation of some divalent and trivalent hydroxides [16]. 
Cations pH at 10-2 M pH at 10-4 M pH, at which 
hydroxides re-dissolves 
Zn2+ 6.5 8.0 14.0 
Cu2+ 5.0 6.5 - 
Ni2+ 7.0 8.5 - 
Fe2+ 7.5 9.0 - 
Co2+
 
7.5 9.0 - 
Mn2+ 8.5 10.0 - 
Al3+ 3.9 8.0 9.0 - 12.0 
Cr3+ 5.0 9.5 12.5 
 
The mechanism of coprecipitation is based on the condensation of hexaaquo 
complexes in solution. It gives a possibility for formation of uniformly distributed metal 
cations of brucite-like layers and solvated interlamellar anions. Without pH control the 
formation of undesired phases can occur as competing reactions. The choice of optimum 
pH of synthesis is dependent on the combination and ratio of the cation mixture and nature 
of the present anion (inorganic or organic). It is stated that formation of single-phased 
LDH by this technique occurs when the M2+/M3+ ratio lies between 2 and 4. If the ratio 
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will be less than 2, M3+ octahedra of hydroxide layer will have a high density and will act 
as a nuclei for M(OH)3 formation; on the other hand, when the ratio is higher than 4, the 
formation of M(OH)2 will occur [14, 17]. 
A (hydro)thermal treatment is usually applied after the precipitation step. Its aim is 
to increase the crystallinity of obtained material. A conventional aging procedure is 
performed by heating of LDH suspension at temperatures in the range of 0-1000C during 
several hours or even days. In the case of some organo-LDHs more elaborated 
hydrothermal treatments can be applied: heating of the sample in a capsule made from gold 
or silver or in stainless steel autoclave under high pressure [17]. 
Benito and collegues [30] prepared three types of LDHs: Mg/Al, Zn/Al, Co/Al 
intercalated with carbonates by coprecipitation methodology, but instead of the usual 
thermal treatment, they applied a microwave radiation. Their experiments showed that 
microwave treatment provides an improvement of the crystallinity of prepared solids and 
the longer the time of treatment, the more uniform the particle size distribution is. In their 
subsequent works the range of studied LDHs has been extended, different synthetic 
methodologies have also been applied, and for all of them the application of microwave 
thermal treatment  improved the properties of LDHs [31].  
Coprecipitation can be divided into precipitation at low supersaturation and at high 
supersaturation. Coprecipitation at low supersaturation is carried out by addition of mixed 
solutions of metal salts with the chosen ratio into the aqueous solution of desired anion. A 
second alkali solution is added simultaneously to ensure the maintenance of the necessary 
pH for precipitation of both metals. pH control can be held by manual detection or by 
using an automatic titration device. It is also important to take into account the possibility 
of competing reactions. The desired anion for intercalation should be present in the 
reaction medium in excess and have a high affinity to the LDH structure. Otherwise, the 
counter anions can be incorporated, leading to contamination of the material [14]. This 
condition makes common the use of metal nitrates and chlorides salts as sources of metal 
cations for the synthesis, because of the low selectivity of LDH to single-charged NO3- and 
Cl-. On the other hand, special precautions should be taken in the case of carbonates, if 
they are not the desired anions for intercalation into the LDH structure. This is because 
LDHs possess a strong affinity to carbonates. Then, to avoid contamination of samples by 
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carbonates, the synthesis needs to be held under nitrogen or other inert gas atmosphere. By 
coprecipitation at low supersaturation the following inorganic and organic anions can be 
intercalated into the LDH structure: CO32-, NO3-, naphthalene-2,6-disulfonate, 
tetraphenylporphyrins, anionic azobenzene derivatives, alizarin red S, phenylalanine [17]. 
The difference of precipitation at high supersaturation with respect to low 
supersaturation resides in the addition of M2+/M3+ mixture into the alkaline solution of the 
desired anion. The absence of pH control leads to considerable pH variations during 
synthesis and, as a result, to formation of additional phases of M2+/M3+ hydroxides and 
undesired ratios of metals in the final LDHs. Thus, LDHs prepared by this route, usually 
have worse crystallinity in comparison to LDHs synthesized by coprecipitation at low 
supersaturation because in the first case higher number of crystallization nuclei are formed 
and particle size distribution is also broad (inhomogeneous). However, different bimetallic 
and multimetallic carbonates containing LDHs can be prepared by this technique, 
including also LDHs with the following organic anions: caprate, terephthalate, 
polyaminoacids, dicarboxylates, anti-inflammatory drugs, L-aspartic acid [17]. 
Wang and collegues [32] prepared organically-modified Mg/Al LDHs with 
surfactant (sodium dodecylbenzenesulfonate) by a modified coprecipitation technique. It 
consists of slow addition of metal salts mixture into the solution of surfactant with constant 
stirring at 50°C, with pH during synthesis kept at 10. The final slurry is then subjected to 
further stirring during half an hour and then aged in a heater. The analysis of obtained 
powders showed the successful intercalation of surfactant into the LDH structure. Another 
advantage of this new technique is the contamination with competitive anions (like 
carbonates).  
Thus, coprecipitation mode allows synthesis of various types of LDHs, including a 
wide range of inorganic and organic anions. Moreover, coprecipitation at low 
supersaturation provides a control of the charge density (M2+/M3+ ratio) in the LDH final 
product [14]. 
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1.2.2. Ion-exchange methodology 
The ion-exchange methodology is a well-known method, especially for the 
preparation of organo-LDHs. It is useful when metal cations or anions are unstable in the 
alkaline solution or the direct reaction between metal ions and guest anion is preferable.  
From the thermodynamic point of view, ion-exchange in LDHs is dependent on 
electrostatic interactions between the positively-charged hydroxide sheets and the 
exchanging anions and, in a less extent, on the free energy of hydration changes [17]. 
Thus, the LDH precursor should contain anions with a weak electrostatic interaction with 
the layers for facilitation of subsequent ion-exchange. On the other hand, the equilibrium 
constant increases with the decrease of anion radius. Hence, the exchange is favoured for 
ingoing anions with a high charge density [26]. The easiness of exchange of monovalent 
anions and divalent anions occurs in the following order [14, 26]: 
OH- > F- > Cl- > Br- > NO3- >I- 
CO32- > C10H4N2O8S2- >SO42- 
HPO42-, HAsO42- > CrO42- > SO42- >MoO42- 
Thus, divalent anions possess higher selectivity in comparison to monovalent 
anions. The strong affinity of LDHs to carbonates demands their preparation in CO2-free 
environment as mentioned before [26]. Finally, the most appropriate precursors for ion-
exchange reaction contain nitrate and chloride anions. In general, ion exchange is 
performed by dispersion of LDH precursor in the solution with the excess of the desired 
anion. The main requirement for the anion to be intercalated is its stability at the exchange 
pH and also the metals ratio should remain constant during the reaction to provide stability 
of the hydroxides layers [14, 16]. 
This methodology allows intercalation of a wide range of anions and molecules: 
deoxyribonucleic acid [23], Dawson and Finke structures [24], phthalocyanines [25], 
polyoxometalate anions with Keggin, alkanesulfonates, alkylbenzenesulfonates, ether 
sulfates [33], mono-and dicarboxylic acids [34, 35], different types of phosphates [36].  
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1.2.3. Rehydration of calcined LDH precursor methodology 
This methodology is based on the so-called “memory effect” [14, 17] and consists 
of calcination of an LDH precursor in the range of temperatures from 500 to 8000C. This 
heat treatment leads to formation of mixed oxides, which rehydrate and reform the LDH 
structure in the presence of water and the desired anion [14]. It is important to notice, that 
in this method occurrence of intercalation of competing inorganic anions is prevented, 
except for carbonates. Hence, the inert atmosphere for reconstruction process is required 
for preparation of carbonate-free LDHs [17]. The reconstruction process depends on the 
chemical composition of LDH sheets and calcination temperature. The reconstruction 
process finishes after 24 hours, if the calcination temperature is at or less 5500C, 3 days are 
necessary for reformation after calcination at 7500C and only partial reconstruction occurs 
for calcination at 10000C [17].  
The reconstruction process is based on the topotactic reaction. Investigations of 
Carlino et al. [37] showed that a slow ramping technique is favourable for the 
improvement of crystallinity of final rehydrated product. Slow heating helps to prevent fast 
expulsion of CO2 and water from the LDH precursor. The thermal behavior of Mg/Al-CO3 
LDH has been described by Stanimirova et al. [26, 38]: 
 
Figure 1.2.3. Scheme of Mg/Al –CO3 LDH decomposition [26] 
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According to the presented scheme the following steps of LDH decomposition can 
be distinguished: 
• Loss of interlayer water (up to 2500C); 
• Conversion of LDH into the mixed oxides (250-9000C); 
• Formation of mixture of magnesium oxide and spinel MgAl2O4 (> 9000C); 
In reality, the processes of 1-3 steps are more complicated than described in this 
scheme. The loss of water on the first step and conversion on the second step are 
accompanied by the formation of tetrahedrally coordinated Al. Besides, the location of 
Al(IV) is uncertain and it disappears on the reconstruction step [26]. 
This method is usually applied for the incorporation of large guest species: organic 
chromophores, surfactants, aminoacids and peptides [17]. However, during the 
reconstruction step some carbonate anions remain in the structure [39- 41]. In the first 
calcination/rehydration step the change in the crystal symmetry and sorption capacity of 
LDH can occur [42]. 
Experiments of Dimotakis and Pinnavaia [14] revealed that the application of a 
swelling agent (for example, glycerol) promotes the incorporation of organic species 
through the rehydration mechanism. The final reaction product prepared by this 
methodology is a well-ordered and single-phase material. Otherwise, without swelling 
agent, the reaction products are mixed phase.  
The advantage of calcination/rehydration methodology is the possibility to 
intercalate anions different from the ones presented in the LDH precursor, especially when 
the precursor has strongly held anions on its structure such as carbonate. 
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1.2.4. Thermal reaction method 
Thermal reaction methodology is based on the slow heating reaction between host 
and guest material to a temperature above the melting point of a guest. By this technique 
Carlino and collegues have successfully intercalated sebacic and capric acid into the Mg/Al 
LDHs [43, 44]. For example, capric acid-LDH mixture is heated at a ramping temperature 
not higher than 10C/minute up to 1500C, that is approximately 1200C higher than the 
melting temperature of the acid (31-320C). The reaction mixture is held at this temperature 
during 8 hours and then is cooled down to room temperature (the rate is not higher than 
100C/minute) and after washing with hot ethanol reaction the product is stored in a CaO 
desiccator under nitrogen atmosphere [44]. This method performs an interesting alternative 
to other existing methods. 
1.2.5. Urea hydrolysis methodology  
The urea hydrolysis methodology is another possible method for LDHs preparation. 
Urea is a weak Brönsted base (pKb = 13.8) and highly soluble in water. Hydrolysis of urea 
occurs in two steps and can be controlled by temperature of the mixture.  
                                1)  CO(NH2)2 → NH4(CNO)             (2) 
                                2)  NH4(CNO) + 2H2O → 2NH4+ + CO32-       
The formation of ammonium cyanate is the rate-determining process. Afterwards, 
fast hydrolysis of this compound to ammonium and carbonate occurs. The pH of reaction 
is about 9 (temperature dependent) and is suitable for precipitation reaction [17]. 
Inayat and collegues [45] have successfully synthesized Zn/Al LDHs containing 
nitrates instead of carbonates in the interlayer gallery by the urea method. The key control 
parameter is the final pH of the synthesis mixture, which is dependent on synthesis time 
and initial nitrate/urea ratio. The addition of ammonium nitrate to the reactants leads to 
formation of pure-phase LDH-NO3, even independent from synthesis time, caused by the 
final pH decrease and increase of nitrate/urea molar ratio.  
Successful preparation of other types of LDHs by the urea method have also been 
reported. For example, Hibino and collegues [46] have synthesized Mg/Al-LDHs. Arai et 
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al. [47] have prepared Co/Al LDHs from aqueous glycerol solutions of cobalt chloride and 
aluminum chloride by urea hydrolysis under hydrothermal conditions and have studied 
influence of heating temperature and time and water/glycerol ratio on the particle size of 
these LDHs, and found, that glycerol addition can affect the rate of urea hydrolysis, which 
can be correlated with nucleation and/or growth of LDHs. Highly ordered polycrystalline 
samples of Mg/Ga-CO3, Co/Ga-CO3 and Ni/Ga-CO3 were synthesized by Manohara and 
colleagues through urea hydrolysis [48]. 
1.2.6. Separate nucleation and aging steps method 
This method can be envisaged as a modification of the coprecipitation 
methodology. It is known that formation of crystallites occurs in two steps: nucleation and 
aging. These processes take place simultaneously during the prolonged time process, 
causing wide and inhomogeneous particle size distributions and shapes after aging step of 
conventional coprecipitation [15, 17]. To avoid this, the synthesis can be held in a colloid 
mill (Figure 1.2.6) where the processes of mixing and nucleation take just a short time and 
are followed by a separate aging process [49]. LDHs prepared by this route have 
considerably narrower particle size distribution than LDHs prepared by coprecipitation at 
constant pH. 
 
Figure 1.2.6. Scheme of colloid mill [17] 
The key of formation of narrow range of crystallite size particles is in the very fast 
nucleation process in the colloid mill, followed by a separate aging process. The main 
advantage of this method is the preparation of LDH particles with smaller crystallites, 
 20 
higher aspect ratio and narrow distribution of crystallite size in comparison to conventional 
materials [49]. Cho and colleagues [50] have applied this technique for preparation of a 
composite material based on Ni/Al-LDHs and low density polyethylene in a heated double 
- roller mixer. Another advantage of this method is that it can be readily scaled-up, which 
has been successfully applied in China for LDHs preparation. 
1.2.7. Reverse microemulsion  method 
The reverse microemulsions can be applied for control of nucleation and growth of 
LDHs. In this technique the anionic surfactants are dissolved in organic solvents with the 
formation of spheroidal reverse micelles, where hydrophobic chains point out to the oil 
phase. These micelles are necessary for creation of space isolation. After addition of water 
the micelles will swell with the entrapment of water droplets at the polar cores, which were 
formed by hydrophilic heads of the surfactants. Hence, under controlled reaction 
conditions materials will be formed within the limited space. Hu and colleagues [51] have 
successfully prepared Mg/Al LDH and shown that variations of water content in the recipe 
lead to formation of LDHs with different sizes. On the other hand, they have also obtained 
nanometer-sized Mg/Al LDHs platelets in a water-in-oil reverse microemulsion. These 
reverse microemulsions have been subsequently modified by using triblock copolymers, 
which resulted in various growth orientations of LDH structures. This can be interesting in 
the frame of different applications because LDHs prepared by conventional methods 
usually show a plate-like morphology. The work of Hu and colleagues [52] reveals that the 
change of synthetic conditions gives the opportunity for preparation of LDHs with new 
types of morphology like rod-like and belt-like structures. He and colleagues [53] prepared 
Mg/Al-CO3 LDHs in a water-in-oil solution (octane-water-sodium dodecyl sulfate) with 
high surface area and narrow size distribution. Moreover, this method also allows the 
preparation of LDHs with new morphology, such as loosely stacking fiber-like. 
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1.2.8. “Chemie douce” method  
A “chemie douce” method for LDH preparation was announced by Delmas [17]. Its 
main aim is to overcome the disadvantages of conventional coprecipitation methodology, 
such as poor crystallinity and compositional fluctuations of final LDHs. In the first step a 
high temperature reaction between metal oxides is held. Then γ-oxyhydroxide precursor is 
prepared by oxidizing hydrolysis using a mixture of NaClO and KOH. In the last stage this 
precursor is subjected to reduction in the presence of hydrogen peroxide and the salt of 
desired anion for intercalation into the LDH structure. The list of intercalated anions 
includes carbonates, metavanadates, sulfates and nitrates among others. The disadvantage 
of this method is the small range of applicable layer compositions [17]. 
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1.3. Application of LDHs  
The features of LDH structure like possibility of preparation of isostructural 
materials and incorporation of a wide range of inorganic and organic anions and molecules 
between the hydroxide layers result in application of LDH in fields like catalysis, 
photochemistry, electrochemistry and biology [54]. 
1.3.1. Application in catalysis 
In 1971 different types of LDHs, containing a variability of metal cations like Zn2+, 
Mg2+, Ni2+, Mn2+, Cr3+, Al3+ and carbonates as interlayer anions, were used as effective 
supports for Ziegler catalysts in the polymerization of olefins. The maximum of the 
catalytic activity of polyethylene production was observed for Mg/Mn/Al – CO3 LDH 
calcined at 2000C [54]. LDHs intercalated with polyoxometalate ions can be used for 
selective adsorption and oxidation catalysis [14, 24].  
Dubey [55] synthesized nanosized LDHs within the mesoporous materials (carbon 
CMK-1), that can be applied as catalysts for aldol and Claisen-Schmidt condensation 
reactions. Hulea and co-workers studied that W-, V- and Mo-containing LDHs can be 
successfully used for oxidation of various types of sulfides [56]. LDHs containing Zn/Al-
dodecyl sulfate and Mg/Al-terephtalate and their pillared derivatives [57] can be applied in 
solid base catalysis.  
Wang and colleagues [58] suggested a new method of preparation of LiAl mixed 
oxides from corresponding LDH by separate nucleation and solvothermal aging steps. The 
synthesized solid catalysts can be effectively applied in Knoevenagel reaction. Studies of 
application of calcined Li-Al, Mg-Al and Mg-Fe LDHs as catalysts for preparation of 
biodiesel have been reported by Shumaker et al. [59]. 
1.3.2. Application in  electrochemistry 
The interlayer region of LDHs allows intercalation of guest anions with the 
subsequent application for photochemical reactions [54]. For example, Tagaya and 
colleagues investigated the photoisomerization of sulfonated indolinespirobenzopyran to 
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merocyanine in the interlayer space of Mg/Al LDHs and found that this mechanism is 
irreversible [14]. These materials can originate a class of photoresponsive materials.  
Wang et al. [60] prepared a thin film electrode based on Co(3)Al(1)-LDH which 
performs an economic alternative to the existing thin-film supercapacitor electrodes. 
Besides, carbon glass electrode modified with Mg-Al-CO3 LDHs have been successfully 
applied for registration of bisphenol A in plastic products [61]. 
[Co(OH)2]0.41[Ni(OH)2]0.59·0.6H2O LDHs have also been prepared via coprecipitation 
methodology and due to its high specific capacitance, simple and low-cost preparation 
technique can become a challenging material in supercapacitor applications [62]. 
1.3.3. Application of LDHs as adsorbents  
LDHs can be successfully applied as adsorbents. The hydrophobic nature and 
accessibility of the interlayer space of organo-LDHs make them good adsorbent 
candidates, which can be used for adsorption of pesticides [63-65]. Bruna  and co-workers 
[66] revealed that hydrotalcite like materials based on Mg/Al LDHs can be applied for 
herbicide removal and that Zn/Al-Cl is a good adsorbent of nitrates from water [67]. 
Moreover, phosphates can also be successfully adsorbed by calcined LDHs containing 
various cations compositions: Mg–Al, Zn–Al, Ni–Al, Co–Al, Mg–Fe, Zn–Fe, Ni–Fe, Ca-
Fe and Co–Fe [68, 69]. In other words, LDHs also can be widely used in environmental 
protection. 
1.3.4. Application of LDHs in medicine and biology 
Another wide field of possible application of LDHs is the area of medicine and 
biology. LDHs can be used as antacids and stabilizers. Additionally, different biologically-
relevant species can be intercalated, including sorbic acid, biocatalysts, vitamins, 
aminoacids and peptides. Li et al. showed that phenoxymethylpenicillin can be reversibly 
intercalated into the LDH structure and the final system performs an effective anti-bacterial 
activity [70]. Moreover, the LDH structure also gives the possibility of carrying anions on 
its surface, being potential nanocarriers for drugs and genes [23, 71]. Choy et al. [72] 
showed that LDHs can be employed not only as drug-delivery matrix, but also can increase 
the efficiency of the delivery process. 
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1.3.5. Application of LDHs in separation chemistry and corrosion science 
The weak interlayer bonds in the LDH structure allow their investigation as 
possible host structures for different species, including the possibility of supramolecular 
structures formation. On the other hand, a restricted geometry for the guest species created 
by the brucite-like hydroxide layers allows LDH application in separated chemistry. The 
most recent investigations have shown the possibility of using LDHs as nanoreservoirs for 
corrosion inhibitors and their positive anticorrosion properties [73, 74]. The release of 
decavanadate species from the Zn/Al hydrotalcite like structure and their properties in the 
frame of corrosion protection was investigated by Mahajanam et al. [75]. Besides, 
corrosion inhibitors such as phosphates has been successfully intercalated into the structure 
of Ca-Fe LDH [76].  
 
 
The structural versatility of LDHs and the unlimited number of species that can be 
intercalated into their structure are very attractive points for investigation, from both 
fundamental and applied scientific perspectives. 
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Chapter 2. Characterization techniques 
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2.1. X-ray diffraction (XRD) 
During a long period of time information regarding to the molecular and atomic 
structure of solids has been received from X-ray diffraction analysis and still nowadays 
this technique is one of the most effective in investigation of structure of new crystalline 
materials [77, 78].  
X-rays are a form of electromagnetic radiation with high energies and short 
wavelengths on the order of atomic spacings for solids (0.01-1.0 nm) [78]. X-rays can be 
produced by high-speed electrons accelerated by a high-voltage field that are faced with a 
metal target.  
Diffraction phenomenon occurs when a wave encounters obstacles that are capable 
to scatter the wave or have spacings comparable to the wavelength. Diffraction can also be 
considered as a specific phase relationship between two or several waves that have been 
scattered by obstacles. These phase interactions will depend on the difference of path 
length and can lead to wave reinforcement (the amplitude of the resultant wave increases) 
or wave destruction (when the resultant wave after phase relationships has zero amplitude) 
[78].  
X-ray diffraction technique is based on the elastic scattering of X-rays from the 
electron clouds of the individual atoms in a system. Analysis of the observed diffraction 
intensity measured as a function of scattered angle and wavelength allows to solve the 
complete structure of crystalline materials. Bragg’s law establishes a relation between 
several parameters: X-ray wavelength (λ), interatomic spacing (dhkl) and angle of 
diffraction for constructive interference (θ): 
 
n λ = 2 dhkl sin θ n - order of reflection   (3) 
 
Bragg’s law equation is a necessary, but not sufficient condition for diffraction in 
real crystals, because it describes diffraction requirements for atoms positioned at unit cell 
corners and atoms situated at other sites of the unit cell can act as extra-scattering centers 
and produce out-of-phase scattering at appropriate Bragg’s angles. For analysis by 
common diffraction technique a polycrystalline powder specimen is used. It means the 
presence of fine and randomly oriented particles that are subjected to monochromatic X-
rays radiation. Each powder particle can be considered as a crystal and a large number of 
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them with different orientations ensure that some particles can be properly orientated and 
every possible set of crystallographic planes will be available for diffraction. For 
determination of angles at which diffraction occurs, in the case of powdered samples, a 
diffractometer is generally used [78, 79]. 
The definition of position and intensity of diffraction peaks (high intensity peaks 
result when the Bragg’s diffraction equation is satisfied) is used for qualitative 
identification of the crystalline phase of the material. Using a precise measurement of 
integrated intensities of diffraction peaks it is possible to make quantitative assessment of 
the phases that are present in a mixture. Moreover the estimation of peak width allows the 
determination of crystallite size. Peak width is inversely related to crystal size. In other 
words, peak width increases with decreasing of crystal particle size [77-80]. For 
calculation of average crystallite size the Scherrer equation is used: 
 
DScherrer = K λ /β cos θ (4) 
 
where, K-constant (depends on the crystallite shape) 
                       β- integral breadth of the profile 
                                                     DScherrer- average crystallite size 
 
This equation gives a rough estimation of the broadening caused by crystallite size 
and hence allows assessment of average size of crystallite. The utilization of XRD 
technique provides a variety of information about solid material structure: number and 
ratio of crystalline phases (from the X-ray peak angular positions and intensities); unit cell 
dimensions (from the peak positions); theoretical density of a solid (if chemical 
composition is known); average crystallite size (from the peak broadening). Furthermore, 
lattice strain, texture, coefficients of thermal expansion, atomic coordinates, bond distances 
and bond angles can be estimated from the detailed analysis of XRD data. Typical XRD 
pattern of an LDH is demonstrated in Figure 2.1.1.: 
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Figure 2.1.1. Diffraction pattern of Mg/Al – CO3 LDH (peaks ∗1 and ∗2 are due to presence of brucite) 
[17]. 
 
The most representative for the simple analysis of XRD pattern of a single-phase 
are the following:  
• A series of strong basal reflections at low 2θ angles allow the direct determination 
of the basal plane spacing. The basal spacing is the distance between the adjacent 
hydroxide layers which is equal to d003 in LDHs of 3R polytype. In turn, 3d003 = c0 
is the lattice parameter in a hexagonal setting.  
• The position of (110) reflection at high angle (around 600 2θ for Cu Kα radiation) 
allows the estimation of lattice parameter a0; 
• Peak broadening gives information on the crystallinity of the sample [16]. 
 
 29 
2.2. Fourier-transform Infrared Spectroscopy (FTIR)  
Infrared (IR) Spectroscopy is a form of vibrational spectroscopy which describes 
interaction of electromagnetic radiation with molecular vibrations. IR Spectroscopy is 
nowadays one of the most popular techniques for identification of molecules. The IR 
spectrum can be considered as a “fingerprint” that is unique for a molecule. By analysis of 
IR spectra it is possible to determine presence or absence of different functional groups in 
organic or inorganic solid, liquid or gas samples. The IR region of electromagnetic 
spectrum lies between the shortest wavelength of radio waves (wavelength longer than one 
of few millimeters) and the visible light (approximately 700 nm). Commonly, the 
vibrational spectroscopy covers a wavenumber range from 200 to 4000 cm-1. It is known 
that molecules in solids are always in vibration at their equilibrium positions (except for 
the temperature of absolute zero, -273,150C). They can be modelled as massless springs 
connecting nuclei in a molecule. A diatomic molecule vibration by stretching or 
compressing the bond illustrates the simplest model of a molecule vibration. However, in 
the case of crystalline solids lattice vibrations are also generated. They refer to the 
synchronized vibrations of all atoms in the crystal lattice. Such type of vibrations has low 
frequencies (20-300 cm-1) and can couple with molecular vibrations in this wave range. 
However, they can be distinguished according to their temperature change sensitivity [77, 
81].  
One of the major advantages of vibrational techniques is the possibility to analyze 
all phases of matter and all levels of organization at all relevant timescales: from 
femtoseconds to months or longer [81, 82]. FTIR is a type of infrared spectroscopy in 
which the Fourier transform method is used to obtain an infrared spectrum in the whole 
range of wavenumbers simultaneously. Wavenumber regions and corresponding functional 
groups are collected in special tables [77, 81].  
 
2.3. Electron Microscopy 
Scanning Electron Microscopy (SEM) is one of the main types of electron 
microscopies. SEM is a versatile technique for microstructural analysis of solids. One of 
the useful features of this technique is the high resolution in the examination of bulk 
objects. SEM instruments generally operate in high vacuum and very dry environment for 
production of a high energy beam of electrons for imaging and analysis. In this technique 
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the imaging system depends on the specimen that should be sufficiently electrically 
conductive to ensure that the bulk of incoming electrons goes to ground. Formation of the 
SEM image is made by a focused electron beam that scans over the surface area of the 
sample. The most important feature of a SEM is the three-dimensional appearance of the 
images due to large depth of the field that provides additional information of the surface of 
a wide range of materials: heterogeneous organic and inorganic specimen on micrometer to 
nanometer scale. In addition, SEM allows obtaining chemical information by using the X-
ray energy dispersive (EDS) spectrometer [77, 83].  
 
2.4. Dynamic light scattering (DLS) and Zeta potential 
During the last decades light scattering has been widely used as a tool in many 
branches of materials science, including both experimental and theoretical aspects. When a 
light beam illuminates a piece of matter with a dielectric constant different from unity, 
light is absorbed, scattered, or both, depending on the wavelength of light and the optical 
properties of the material. Scattering is observed when light interacts with the electrons 
bound the material. According to the fluctuation theory of light scattering the intensity of 
scattered light can be calculated from the mean-square fluctuations in density and 
concentration. They can be determined from the isothermal compressibility and the 
concentration-dependence of the osmotic pressure. Thus, the intensity of the light is 
obtained without consideration of the molecular structure of the medium in detail and this 
approach has become a base of light scattering theory. DLS is based on light scattering 
dependency from the nature and properties of the material [84, 85]. The particle size 
measured in DLS is a diameter of the sphere that diffuses at the same velocity as the 
particle being measured. The size is determined by measurement of the Brownian motion 
of the particles in the specimen. The particles in the liquid move randomly and their speed 
of movement is used for determination of particle size.  
Most of liquids contain cations and anions. When charged species are suspended in 
liquid, ions of opposite charge will be attracted to the surface of the suspended particle. It 
leads to formation of ions layers. The first consists of ions that are strongly bound to a 
particle. The second is a diffuse layer of other ions that are loosely bound the specie. 
Within this boundary in the diffuse layer all ions will move together with the particle when 
it moves in the liquid, but other ions will stay like they are, the last boundary is called the 
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slipping plane. Potential at the slipping plane between the particle surface and the 
dispersing liquid (varies according to the distance from the particle surface) is called Zeta 
potential. It can be measured by combination of techniques: Electrophoresis and Laser 
Dopler Velocimetry (Laser Dopler Electrophoresis) [86]. 
 
2.5. Inductively Coupled Plasma (ICP) Spectroscopy  
Nowadays, ICP is one of the most effective source for emission spectroscopy. 
Initially, the stream of argon becomes conducting by a pilot electric spark, arc or Tesla 
discharge. Then a radio frequency field (27 to 40 MHz ) creates a magnetic field inside the 
argon flow and spectrally intense plasma at a temperature of 9000 to 10 000K is obtained 
in the annulus of an ICP discharge [82].  
ICP spectroscopy allows simultaneous determination of about 70 elements in the 
sample during several minutes. Detection limits are generally in the range 0.02–2 ppb. This 
technique is used for various applications like determination of trace impurities and 
ultratrace elements in raw materials, intermediates and final products, for detection of 
radionuclides and isotopic traces. Samples for analysis are usually applied in the liquid 
form (solids are quantitatively dissolved). 50 mg of the material is dissolved in 50 ml of 
total volume of solution. Smaller sample masses can be unrepresentative, especially, if the 
material is inhomogeneous. It is desirable to reduce the total amount of solids as much as 
possible (but in the range of the detection limits), because the sampling orifice (1 mm of 
diameter) can be clogged if the solutions contain more than 1000 ppm of total dissolved 
solids introduced into plasma. The limitations of this technique are the following: 
concentration of measured solutions should be less than 1000 ppm; organic solutions 
require addition of oxygen into plasma or additional pretreatment of the specimen to avoid 
the clogging of the sampling orifice with elemental carbon; the optimization of sensivity 
and accuracy demands application of high purity reagents and extreme caution to avoid 
contamination and losses. Moreover, ICP spectroscopy does not allow detection of 
oxidation states of compounds. However, the main restriction is connected with the 
necessity of analites to have ionization potential less than of argon (15.8 eV), hence ICP 
spectroscopy does not allow detection of the following elements: hydrogen, carbon, 
nitrogen, oxygen, fluorine, chlorine, bromine, mercury, sulphur, rare gases (neon, krypton, 
xenon) [82, 87, 88]. 
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2.6. Thermal Analysis 
Thermogravimetric analysis (TGA/TG) is an experimental technique, is based on 
the measurement of mass changes with temperature. The procedure of the analysis can be 
divided  in the dynamic measurement (when the sample is heated at the constant heating 
rate) and isothermal measurement (when the specimen is held at constant temperature). 
The measurement is performed using thermobalances. This equipment is a combination of 
suitable electronic microbalance with a furnace, a temperature programmer and a computer 
for control. This system allows simultaneous weighing, heating or cooling of the sample in 
a controlled manner and the values of mass, temperature and time can be monitored. The 
balance should be located in an enclosed system (for temperature, pressure and 
environmental nature control). The atmosphere used in the TG experiment also influences 
the final results, because it can be inert, reactive or oxidising [89-91]. TG measurements 
are corrected for the effect of buoyancy (because of the changes in density of gas with the 
evolution of temperature) by performing a blank measurement. In the blank experiment the 
same temperature program and crucible without the sample are used. The resulting blank 
curve (called baseline) is then subtracted from the sample measurement curve. In some 
instruments, a ‘standard’ baseline is automatically subtracted from all measurements. 
Usually for performing of TG measurements alumina crucibles are used (because of the 
possibility for heating up to 16000C). The results of TG measurements are usually 
displayed as a TG curve in which mass, or percent mass, is plotted against temperature 
and/or time. The use of first derivative of the TG curve with respect to temperature or time 
can be a complementary presentation of the measurements (DTG curve). There are some 
additional curves that can be useful for results characterization: DTA curve (shows 
exothermic or endothermic events); EGA (evolved gas analysis) –FTIR or mass 
spectrometry measurements of evolved gases [89]. 
Mass losses can occur by different ways, when the material reacts with the 
surrounding atmosphere. It produces steps in the TG curve or peaks in the DTG curve. It is 
necessary to take into account several processes, that may cause mass loss: evaporation of 
volatile constituents, drying, desorption and adsorption of gases, moisture and other 
volatile substances, loss of water or crystallisation; oxidation of metals and oxidative 
decomposition of organic substances in air or oxygen, thermal decomposition in an inert 
atmosphere with the formation of gaseous products (in the case of organic substances, this 
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process is known as pyrolysis or carbonisation), heterogeneous chemical reactions. In the 
case of ferromagnetic materials: possibility of magnetic properties changes. Application of 
TG can be slightly restricted, because not all thermal events are accompanied with mass 
losses. However, for desorption, decomposition and oxidation processes TGA can provide 
important information. This knowledge can be applied for definition of conditions of 
explosive materials storage, definition of shelf-life of drugs, the conditions of drying 
tobacco and other crops [89, 90].  
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Chapter 3. Experimental part 
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3.1. Materials 
All the chemicals were received from Aldrich, Fluka and Riedel-de Häen with the 
content of ground substance > 98% and were used as obtained. All solutions were prepared 
using boiled distilled water and synthesis by coprecipitation methodology was held in 
nitrogen atmosphere to prevent contamination with carbonate. The variety of prepared 
LDHs and synthetic methodologies are adopted in Table 3.1.1.  
 
Table 3.1.1. Composition and synthesis methodologies of LDHs adopted in this work. 
Parameters  
Divalent (M2+) Trivalent (M3+) 
Cations 
Zn2+; Mg2+ Al3+; Cr3+ 
Cations ratio (M2+/M3+) 2:1; 3:1 
Intercalating anions NO3-; MoO42-; VO3-; MBT-; HPO42- 
Synthetic routes Coprecipitation; calcination-rehydration 
 
 
3.2. Layered double hydroxides: synthesis methodologies 
In the present work two synthesis routes were used: 
• Coprecipitation/(an)ion-exchange for intercalation of corrosion inhibitors [73, 74]; 
• Calcination – rehydration [14, 17, 26]; 
 
3.2.1. Synthesis by coprecipitation/(an)ion-exchange 
50 ml of nitrates mixture of divalent (M2+) and trivalent (M3+) metal cations with 
certain proportions (Table 31.1) were added dropwise to a 100 ml solution of NaNO3 (the 
concentration of NaNO3 is three times greater than the concentration of M2+ nitrate 
solution) under vigorous stirring at room temperature. The value of solution pH was 
monitored using pH-meter and was kept constant through continuous addition of 2M 
NaOH solution (the level of pH depends on the content of cations mixture and pH of 
precipitation of both cations, the range of pH values varies from 7 to 10). On the next stage 
LDH slurry was subjected to thermal (aging) treatment in water bath to promote 
crystallization of LDHs (interval of time and temperature will be discussed thereafter). 
After the thermal treatment step, the aged LDH suspension was cooled down to room 
temperature and was subjected to centrifugation at 10000 r.p.m. (Centrifuge Sigma 
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Sartorius 2-16P) during three minutes (these conditions allow all LDH particles to settle). 
Afterwards, LDHs was washed with boiled distilled water and was centrifuged two times. 
At this point LDH-NO3 precursor is ready for intercalation of corrosion inhibiting anions.  
Ion-exchange reaction. LDH-NO3 precursor was immersed in 0.1M solution of 
corrosion inhibitor (with certain values of pH: for MoO42-- 9.2; VOxn-- 8.4; MBT--10.0; 
HxPO4n-- 7.0) under constant stirring for 24 hours. After centrifugation/washing procedures 
(two times) ion-exchange process was repeated. The prepared LDH-inhibitor was dried in 
oven at 600C and was milled using mortar and pestle. 
 
3.2.2. Synthesis by calcination-rehydration methodology 
In present work synthetic hydrotalcite (refered hereafter as SH with formula - 
[Mg6Al2(OH)16CO3·4H2O] ) in powder form was used as precursor in the calcination – 
rehydration methodology. The conditions of the calcination process are the following: 650 
0C for 2 hours with slow heating (~ 1 0C min-1) and cooling down to room temperature (~ 
10 0C min-1) ramping techniques. The rehydration consists of immersion of calcined 
sample in 0.1M solution of corrosion inhibitor (with the same values of pH that have been 
used for ion-exchange methodology) and includes two steps: the first lasts for 48 hours, 
after which centrifugation and washing procedures (two times) were performing, the 
second rehydration procedure lasts 24 hours. Then, the prepared LDHs were centrifuged 
(Centrifuge Sigma Sartorius 2-16P) and washed two times, were dried at 600C and were 
milled in the mortar.  
 
3.2.3. Post-treatment of LDH samples 
For the production of fine LDH powders ball milling or lyophilisation procedures 
were used. For ball milling of prepared LDHs Retsch PM 400 was used (200 r.p.m., 2 
hours, using zirconia spheres of different sizes within a Teflon-made container). For 
lyophilization LABCONCO Freeze dry system/Lyph Lock 4.5 was applied. Samples to be 
lyophilised were first placed in a freezer for 24h, followed by 48 h in the lyophilizer for 
complete drying of the samples. 
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3.3. Characterization of LDHs 
The resulting particles were characterized by X-ray diffraction (XRD) (1) and 
Fourier-transform infrared (FTIR) spectroscopy (2). Morphology was investigated by 
scanning electron microscopy (SEM) (3). For investigation of LDHs particle size and  
estimation of colloidal stability dynamic light scattering (DLS) (4) was used. Estimation of 
chemical composition of mentioned types of LDH was made by Inductively Coupled 
Plasma (ICP) Spectroscopy (5) For exploration of thermal behavior of LDHs 
thermogravimetric analysis (TG) was performed (6). 
 
1) XRD analysis was made using Philips X’Pert difractometer (Ni-filtered Cu Kα 
radiation, tube power 40 kV, 50 mA, X’celerator detector) at room-temperature. 
2) FTIR measurements were performed on FTIR- IF55 Bruker Germany, ATR- 
Golden Gate Specac 128 scans Resolution 4 Detector DTGS/ KBr with the range of 
wavenumbers 4000 – 400 cm-1.  
3) SEM measurements were performed using Hitachi S4100 with electron beam 
energy of 25 keV and Hitachi SU-70 scanning electron microscopies (SEM) 
coupled with energy dispersive spectroscopy (EDS). LDHs for measurements were 
dispersed in ethanol or water (for MBT- containing LDHs) using ultrasound and 
after were placed on the H-terminated silica on the holder. Finally, samples were 
covered with carbon.  
4) DLS measurements (determination of particle size distribution and zeta-potential 
measurements) were performed on Malvern ZetaSizer Nanoseries. Preparation of 
the samples for measurement was carried out according to the specifications [86]. 
Aqueous suspensions of LDH were sonicated in the ultrasound bath for 5 minutes 
before the measurements. 
5) For ICP analysis an ICP Jobin Yvon Activa-M was used. The LDH powder was 
dissolved in 0.1M hydrochloric acid and diluted with deionised water. The pH of 
prepared solutions was around 2 - 2.5 [88].  
6) TG/DTA measurements were held using Setaram with Labsys model. The sample 
was heated from 50 to 1000 0C at a rate 10 0C/min. in the argon atmosphere in 
alumina crucible [91]. 
. 
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Chapter 4. Results and discussion 
 
 39 
Part I. Preparation of nanoreservoirs by coprecipitation methodology 
4.1. Synthesis of LDH precursor  
LDH precursor with nitrate anions between the layers (LDH-NO3) was prepared in 
the first step by the coprecipitation methodology for subsequent intercalation of corrosion 
inhibitors. One of the most studied precursor compositions of di- and trivalent cations 
contains Zn and Al in the ratio 2:1. The synthetic conditions of this LDH precursor need to 
be optimized aiming at LDHs with appropriate properties for their further incorporation as 
nanoreservoirs of corrosion inhibitors in anticorrosion coatings. The synthesized 
nanoreservoirs should possess uniform particle size distribution and colloidal properties 
optimal for their introduction into the coatings. Therefore, the first part of the work was 
devoted to the investigation of effect of synthesis conditions on the properties of LDH 
samples. The following parameters that could potentially influence particle size and 
colloidal properties of LDHs were studied: 
• Thermal (aging) treatment; 
• Presence of negatively- and positively-charged surfactant in the reaction 
medium; 
• Synthesis temperature; 
• pH; 
• Drying process; 
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Table 4.1.1. Investigation of the effect of synthesis conditions on  colloidal and structural properties of Zn(2)Al(1)-NO3 LDHs. 
Synthesis 
Temperature, 0C 
pH 
Presence of 
surfactant 
Thermal 
treatment 
Method of 
drying 
Average particle size, nm Zeta-potential, mV XRD 
Room temperature* 10 - - lyophilizer 366 +34.2 Two LDH phases 
Room temperature* 10 - 600C, 20 h lyophilizer 627 +39.9 Single-phase crystalline structure 
Room temperature* 10 - 900C, 12 h lyophilizer 395 +39.7 Single-phase crystalline structure 
Room temperature* 10 - 1000C, 4 h oven 638 +41.2 Single-phase crystalline structure 
50.5 ± 1 10 - 1000C, 4 h 
lyophilizer 
 
oven 
 
553; 
 
864 
+47.1; 
 
+44.9 
 
Single-phase crystalline structure 
0 10 - 1000C, 4 h 
lyophilizer 
 
oven 
 
5810; 
 
5220 
+30.7; 
 
+35.8 
Single-phase crystalline structure 
Room temperature* 10 
Hexadecyltrime
thylammonium 
bromide 
1000C, 4 h 
lyophilizer 
 
oven 
621; 
 
2650 
+37.9; 
 
+39.2 
Single-phase crystalline structure 
Room temperature* 10 
Sodium p-
toluene 
sulfonate 
1000C, 4 h 
lyophilizer 
 
oven 
1145; 
 
708 
+35.9; 
 
+32.4 
Single-phase crystalline structure 
Room temperature* 7 - 1000C, 4 h oven 611 +33.0 Single-phase crystalline structure 
Zn(2) 
Al(1)-NO3 
Room temperature* 4 - 1000C, 4 h oven 300 +33.6 Single-phase structure with less crystallinity 
* Room Temperature: 20-250C 
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Figure 4.1.1. shows particle size distribution and XRD patterns obtained for 
Zn(2)Al(1)-NO3 LDHs subjected to different thermal treatments. Typically, the XRD 
pattern obtained for LDH-NO3 indicates a single-phase structure, with well-defined peaks 
at 2Θ ≈ 10, 20 and 30°. These signals correspond to reflection by planes (003), (006), and 
(009). In addition, results of ICP measurements showed that Zn:Al ratio in the Zn(2)Al(1)-
NO3  is 1.78: 1 which is approximate to the theoretical value 2:1. 
According to the results presented in Figure 4.1.1 and Table 4.1.1, the aging time is 
more detrimental (longer times=larger particles) than the aging temperature. A 
considerable number of particles smaller than 1 µm was detected in LDH samples where 
the thermal treatment was not performed or it was shorter (12 h/900C or 4 h/1000C as 
compared to 20 h/600C). However, the absence of thermal treatment process results in 
preparation of LDHs particles with lower crystallinity (Figure 4.1.1 b). Therefore, a 
thermal treatment with higher temperatures and shorter aging times (1000C/4 h.) was 
chosen for further preparation of Zn(2)Al(1)-NO3 LDH precursor. 
 
Figure 4.1.1. Particle size distribution (a) and corresponding XRD pattern (b) of Zn(2)Al(1)-NO3 as a 
function of temperature and time of thermal treatment. 
Figure 4.1.2 depicts particle size distribution and XRD patterns obtained for 
Zn(2)Al(1)-NO3 synthesised in the presence of different surfactants during the 
coprecipitation step, different temperatures, pH and subjected to different drying processes.  
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Figure 4.1.2. Influence of surfactants (“+” - Hexadecyltrimethylammonium bromide; “-“ - Sodium p-toluene 
sulfonate and drying process (a, b); synthesis temperature and type of drying process (c, d); pH (e, f) on 
particle size distribution and structure of Zn(2)Al(1)-NO3. 
 
a) b) 
c) d) 
e) f) 
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The presence of cationic (hexadecyltrimethylammonium bromide) and anionic 
(sodium p-toluene sulfonate) surfactants and temperature/pH of the reaction medium do 
not decrease the agglomeration of LDH particles (Figure 4.1.2 a, c, e). Synthesis at low 
temperature (00C) favours to formation of the particles with size distribution in the range 
lower than 1 µm, while high temperature synthesis (500C) leads to broader distribution of 
particle sizes. On the other hand, particle size distributions of Zn(2)Al(1)-NO3 LDHs 
prepared at different pH conditions do not differ in a big extent. The formation of 
crystallites occurs in two steps: nucleation and aging. While the crystallites are subjected to 
aging in its mother liquor, they can be involved in several processes like crystal growth, 
agglomeration, breakage [17]. The obtained results imply that the agglomeration is a result 
of the growth of LDH particles in the presence of a relatively large amount of reactants and 
due to the occurrence of processes such as Ostwald ripening. This phenomenon consists in 
the growth of large particles at the expense of smaller ones (it can occur both in crystals 
and emulsions) [92]. Ostwald ripening can be connected with higher surface energy of 
smaller particles (higher total Gibbs energy) in comparison to larger particles and hence a 
tendency to dissolution of smaller particles and their re-deposition on the surface of larger 
particles. Additionally, the presence of several maxima in the particle size distribution is an 
indication of broad size distributions, and is related to different times of nucleation and 
growth for different particles that leads to appearance of particles with different sizes and 
is intrinsic to the preparation of the LDHs used in this work. 
For morphological characterization of Zn(2)Al(1)-NO3 SEM measurements were 
also performed (Figure 4.1.3.). The SEM images reveal that LDH particles have a plate-
like morphology. Moreover, there is tendency for formation of sub-micrometer sized 
agglomerates, which is in agreement with particle size measurements shown before. 
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Figure 4.1.3. SEM images of Zn(2)Al(1)-NO3 prepared by regular synthesis (coprecipitation) at room 
temperature and dried in oven (a); regular synthesis by coprecipitation at room temperature and dried in oven 
and afterwards ball milled (b). 
SEM images of Zn(2)Al(1)-NO3 precursor demonstrate the plate like morphology 
of the LDH particles, but the particle size obtained from ZetaSizer Nanoseries assumes 
spherical particles [86]. Hence, it is necessary to make some corrections. As an example, 
Zn(2)Al(1)-NO3 LDH sample dried in oven will be taken (conditions of thermal treatment 
is 1000C, 4 h). The measured diameter by DLS is a hydrodynamic diameter. The 
hydrodynamic diameter of the platelets can be estimated assuming the oblate spheroid 
shape using the following formula [93]: 
     DH =  a (1 - λ2)0.5                      a, b- longer and shorter spheroid axis length; 
                           cos-1 λ                         λ = b/a 
 
The value a is taken from SEM images (for one of the agglomerates) and b-value of LDH 
thickness – from the literature [74], because SEM technique does not allow estimation of 
this parameter: 
a = 655 nm, b= 30 (this value is in the range of 20-40 nm) 
DH measured = 638 nm and DH spheroid calculated = 653 nm. It means, that calculated diameter is 
slightly higher than the measured by DLS and accounts for the deviation of particle shape 
from spherical shape. However, even with these approximation, DLS can be used to 
compare different samples of LDHs. 
Figure 4.1.4. presents the dependency of Zn(2)Al(1)-NO3 particle size distribution 
on the drying and post-treatment of LDH powders. The particle size distribution shows the 
1.5 µm 
1 µm 
a) b) 
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presence of several peaks as mentioned above, which seems to be a feature of the synthesis 
methodology used in this work. However, the drying process also affects the particle size 
distribution. The use of lyophilization as drying process leads to a narrower particle size 
distribution, with respect to drying in oven at 60 ºC. However, the application of ball 
milling procedures (200 r.p.m., 2 hours) leads to smaller particles due to destruction of 
micrometer-sized agglomerates. Thus, drying in oven with subsequent ball milling was 
used for purpose of time economy and energy, especially when LDHs were prepared in 
large amounts (2 g vs. 10-50 g). 
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Figure 4.1.4. Dependency of particle size distribution from type of drying Zn(2)Al(1)-NO3 sample (1-wet; 2- 
dried in lyophilizer; 3-dried in oven; 4-dried in oven and ball milled. 
 
Another route adopted to decrease particle size was based on application of an 
ultrasound methodology during the coprecipitation step. A vibrating cell (T=20 ºC, 
frequency: 20 kHz) was used to control the particle size, with the LDH precursor prepared 
in the vibrating cell. Then, part of the obtained slurry was subjected to regular thermal 
treatment in water bath (100 0C, 4 h) whereas the other part was continuously exposed to 
ultrasound during 4 hours. The results of particle size distribution for Zn(2)Al(1)-NO3 
LDHs synthesized by these two techniques are depicted in Figure 4.1.5. 
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Figure 4.1.5. Particle size distribution of Zn(2)Al(1)-NO3 prepared by regular coprecipitation and 
coprecipitation in ultrasound (a) with subsequent regular thermal treatment and treatment in ultrasound (b). 
These experiments reveal that utilization of ultrasound during LDH synthesis by 
coprecipitation methodology leads to narrower particle size distribution in comparison to 
regular route. Subsequent use of ultrasound instead of regular thermal treatment leads to 
appearance of two maxima of distribution, both with smaller particle size. 
Thus for preparation of LDH precursor by coprecipitation methodology on the base 
of Zn(2)-Al(1)-NO3 the following synthesis conditions were applied:  
• Synthesis pH ≈ 10; 
• Thermal treatment (aging) for 4 hours at 1000C in the water bath; 
• Drying in oven at 600C with subsequent ball milling; 
For preparation of LDH precursor with narrower particle size distribution the 
regular coprecipitation methodology can be modified using ultrasound treatment. 
a) b) 
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Once several experimental factors were studied and optimised for Zn-Al-NO3 
LDHs, other types of LDH precursors were synthesized by coprecipitation using Mg/Al 
cation mixture with cations ratio 2:1 and 3:1 and nitrates as intercalated anions 
(Mg(x)Al(1)-NO3). The structure, morphology and distribution of particles of the prepared 
samples are depicted in Figure 4.1.6. The average particle size and zeta potential of MgAl-
NO3 LDHs are presented in Table 4.1.2. 
 
 
Figure 4.1.6. XRD pattern, SEM images and particle size distribution for Mg(x)Al(1)-NO3; x = 2,3.  
 
The obtained results show that both types of LDHs precursors based on Mg/Al 
mixture of cations were prepared successfully. XRD patterns show reflections assigned to 
LDH phase and the position of peaks is consistent with the presence of nitrates (see 
detailed description below). In addition, the obtained LDHs show a plate-like morphology 
as in the case of Zn-Al LDHs. The maximum of particle size distribution and zeta-potential 
reveal that these systems are stable in water and particle size distribution of LDHs is not 
significantly affected by the drying procedures.  
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Table 4.1.2. Colloidal properties of Mg(x)Al(1)-NO3 LDHs. 
LDH 
Maxima of particle size 
distribution, nm 
Zeta potential, mV 
Mg(2)Al(1)-NO3 dried in 
lyophilizer 
190.00; 1480.00; 4800.00 +34.80 
Mg(2)Al(1)-NO3 dried in oven 220.00; 5560.00 +37.50 
Mg(3)Al(1)-NO3 dried in 
lyophilizer 
142.00 +37.10 
Mg(3)Al(1)-NO3 dried in oven 58.80; 190.00 +29.60 
 
The third type of LDH-precursor synthesized by coprecipitation in this work is 
based on Zn/Cr(III) mixture with cations ratio 2:1. The structural, morphological 
characterization and colloidal properties of this LDHs are presented in Figure 4.1.7 and 
Table 4.1.3. 
 
Figure 4.1.7. XRD pattern, SEM images and particle size distribution of Zn(2)Cr(1)-NO3.  
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Table 4.1.3. Colloidal properties of Zn(2)Cr(1)-NO3 LDHs. 
LDH Maxima of particle size distribution, nm Zeta potential, mV 
Zn(2)Cr(1)-NO3 dried in 
lyophilizer 50.70; 396.00* +15.60 
Zn(2)Cr(1)-NO3 dried in oven 68.10; 397.00* +15.60 
* estimation is complicated, because of colloidal instability of the system 
 
The results show that Zn(2)Cr(1)-NO3 LDH suspension is unstable in water, which 
makes the particle size distribution obtained by DLS quite doubtful, since there may be 
particles that sediment rapidly and are not accounted for. In addition, the difference 
between maxima of particle size of the samples dried in oven and in lyophilizer seems not 
to be significant, but the broadening of particle size distribution is much more evident in 
the case of samples dried in the oven.  
Table 4.1.4. describes the parameters obtained from analysis of the XRD patterns 
using Scherrer’s and Bragg’s equations (equations 3, 4).  
 
Table 4.1.4. Parameters calculated using diffractograms of LDHs precursors. 
Composition Average crystallite size, 
nm 
Basal spacing, nm 
Zn(2)Al(1)-NO3 regular synthesis 44.80 0.89 
Zn(2)Al(1)-NO3 synthesis with 
ultrasound 
10.60 0.89 
Mg(2)Al(1)-NO3 15.80 0.89 
Mg(3)Al(1)-NO3 4.10 0.86 
Zn(2)Cr(1)-NO3 4.00 0.90 
 
All types of LDH precursors as nanoreservoirs for corrosion inhibitors were 
successfully prepared by coprecipitation methodology. The formation of LDH structure 
was confirmed by well-defined peaks in the diffractograms typically found at 2Θ ≈ 10, 20 
and 30°. for all types of prepared LDHs-NO3 corresponding to reflection by planes (003), 
(006) and (009). Furthermore, the results depicted in Table 4.1.4. show that the values of 
average crystallite size and basal spacing depend on the type of precursor.  
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Using the data of interlayer spacing dbasal it is possible to assume the variant of the 
interlayer anion arrangement: horizontally, vertically or tilted [14]. The gallery height in 
LDHs can be assessed by subtracting the thickness of brucite layers (estimated to be 0.48 
nm), applying the following equation: dbasal = 0.48 + ranion (nm); ranion – Van der Waals 
radii of appropriate atoms of the anion; dbasal is determined from XRD measurements [16, 
94]. The diameter of NO3- is 0.38 nm, hence using the mentioned equation the value of 
gallery height (theoretical) should be 0.86 nm. The presented values of basal spacing for 
Zn(2)Al(1)-NO3 in Table 4.1.4 are in agreement with the expected values.  
The average crystallite size of Zn(2)Al(1)-NO3 LDH prepared in ultrasound 
conditions was found to be lower than for the sample produced by conventional synthesis.  
Another important aspect is the comparison between crystallite average size (Table 
4.1.4.) and the results from DLS measurements. It is important to notice that the values 
reported in Table 4.1.4. represent the average size of crystallites, while DLS measurements 
yield the average size of particles. These values are different because particle contains 
many crystallites and one of the features of LDHs particles is their strong tendency to 
agglomerate (the last is confirmed by values of Zeta potential). LDHs can also be made of 
crystallite domains which contain primary and secondary particles (that were formed at 
different time during coprecipitation process and had different time for growth of the 
particles).  
Synthesis parameters that influence the colloidal properties of LDH particles were 
studied in detail for Zn(2)Al(1)-NO3 and subsequently applied for other types of LDH 
precursors (Mg(x)Al(1)-NO3, x = 2, 3 and Zn(2)Cr(1)-NO3). 
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4.2. Intercalation of corrosion inhibitors in nanoreservoirs  
LDH nanoreservoirs were loaded with corrosion inhibitors by ion-exchange 
reaction (description in the Experimental part). According to Table 4.1.1 the following 
types of corrosion inhibitors were used: MoO42- (Na2MoO4); VO3- (NaVO3); MBT- (2-
mercaptobenzothiazole); HPO42- (Na2HPO4).  
Crystal structure and phase content of the synthesized samples loaded with 
corrosion inhibitors, their crystallinity and level of completeness of ion-exchange reaction 
were characterized by XRD and FTIR methods. Figure 4.2.1. presents the structural 
characterization results obtained for LDHs loaded with different corrosion inhibitors. The 
samples are based on Zn(2)Al(1)-NO3 prepared by regular methodology (a, b) and by 
coprecipitation methodology in ultrasound (c), using the same conditions that are described 
in the Experimental part. Morphological characterization of synthesized nanoreservoirs is 
depicted in the Figure 4.2.2. and Table 4.2.1 presents the results obtained from analysis of 
XRD patterns.  
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Figure 4.2.1. XRD and FTIR spectra of 
nanoreservoirs based on Zn(2)Al(1)-NO3 
with corrosion inhibitors (prepared by 
regular methodology) (a, b)
 
 and by 
ultrasound methodology  (c). 
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Figure 4.2.2. Morphological characterization of nanoreservoirs by SEM. 
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Table 4.2.1. Representative parameters calculated from XRD data of LDHs intercalated with 
corrosion inhibitors. 
Composition Average crystallite size, nm Basal spacing, nm 
Zn(2)Al(1)-MoO4 - 0.94 
Zn(2)Al(1)-VOx 8.10 0.94 
Zn(2)Al(1)-MBT - 1.72 
Zn(2)Al(1)-HxPO4 7.40 1.06 
Zn(2)Al(1)-MoO4 
(ultrasound) 
4.50 0.91 
Zn(2)Al(1)-VOx 
(ultrasound) 
5.80 0.97 
 
Analysis of the XRD results reveals the displacement of the diffraction peaks 
positions of LDHs intercalated with corrosion inhibitors to lower 2θ values. This suggests 
an increase of basal spacings (Table 4.2.1.). The absence of reflections associated with 
Zn(2)Al(1)-NO3 LDH indicates that ion exchange reaction has been completed.  
The pH of anion exchange reaction with molybdate anions is 9.2. The XRD pattern 
of Zn(2)Al(1)-MoO4 (regular synthesis) demonstrate additional peaks which can be 
attributed to other LDH phase. Overlapped broad peaks made impossible estimation of 
average size of crystallites in this sample (not indicated in Table 4.2.1). In the case of 
LDHs intercalated with vanadates VOx is used in the formula of the prepared LDHs instead 
of VO3-. This is related to pH-dependent speciation of VOx [95]. In this work the pH of 
ion-exchange reaction for vanadates was 8.4. At this pH the predominant vanadate species 
are V2O74- and HV2O73-. The dimensions of V2O74- anion corresponding to perpendicular 
and parallel arrangements in interlayer are 0.78 and 0.50 nm, respectively. In the present 
work, the gallery height determined for LDH-VOx was found to be 0.46 nm, meaning that 
the most likely configuration of these anions is the parallel arrangement with respect to 
LDH layers. Since the anion HV2O73- is formed by protonating one of the terminal oxygens 
in V2O74-, the gallery height is not expected to change much. Hence VOx can be associated 
with one of these possible vanadate polytypes. The results of ICP measurements have also 
confirmed a Zn:Al ratio in the Zn(2)Al(1)-VOx LDH as 2:1, meaning that during the ion-
exchange reaction the hydroxide layers were enough stable. 
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The presence of (at least) two anionic forms is also possible for phosphates. Ion-
exchange reaction in this case was performed at pH 7, at which HPO42- and H2PO4- co-
exist. This is the reason for phosphate anions in the LDH structure being labelled as 
HxPO4. Badreddine and others [36] investigated the intercalation of phosphates (with 
different charges and sizes) into the structure of Zn(2)Al(1)-Cl LDHs. The value of basal 
spacing obtained in the present work (1.06 nm) is in agreement with the values reported by 
Badreddine (1.06 nm for HPO42-). The presence of these anions in LDHs is also confirmed 
from the FTIR spectra.  
In the case of LDH-MBT synthesis the pH of ion-exchange was chosen to be 10, to 
guarantee that the predominating species are mercaptobenthiazolate anions and also to 
increase the solubility of MBT in solution. The value of basal spacing for this type of LDH 
is higher than for Zn(2)Al(1)-VOx and Zn(2)Al(1)-HxPO4 (1.72 nm), which is expected 
from the difference in relative sizes of the intercalating anions [74]. For all the LDHs 
nanocontainers there is a decrease of average crystallite size when ion-exchange occurs. It 
has been recently shown [96] that anion exchange nitrate –vanadate in Zn–Al LDHs leads 
to irreversible decrease of the average size of crystallites as a result of mechanical 
fragmentation of the crystallites. The fragmentation occurs due to fast anion exchange in 
the initial stage of the process. Since nitrate anion is easy exchangeable, such a 
fragmentation can be expected in other exchange processes where Zn(2)Al(1)-NO3 is a 
parent composition. 
The values of basal spacings for LDHs prepared under ultrasound conditions are in 
agreement with the values for for the respective compositions prepared using the regular 
methodology. The average crystallite size is lower for Zn(2)Al(1)-VOx synthesized in the 
vibrating cell is smaller in comparison to those obtained by regular synthesis, which is in 
agreement with that observed in the precursor samples prepared by using these two 
methodologies. For Zn(2)Al(1)-MoO4 LDHs prepared under ultrasound conditions a 
single-phased material with the average crystallite size value 4.2 nm was obtained.  
Analysis of the FTIR spectra of nanoreservoirs provides additional structural 
characterization of the samples. The obtained results are in agreement with literature data 
[32, 36, 97, 98-100]. The following bands are presented in all structures: 3600-3300 cm-1 - 
OH vibrations; 1640-1620 cm-1 - interlayer water molecules; 1335, 874 and 671 cm-1 - CO 
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stretching (indication of partial presence of carbonates between LDHs layers, probably 
caused during storage conditions); below 800 cm-1 - vibration of metal-oxygen bonds. 
Intercalation of guest species is indicated by vibrations of specific groups. The band at 
3113 cm-1 is associated with NH-stretching; 1321-1247 cm-1 and 1078-1014 cm-1 are 
attributed to NCS thioamides I, II, III respectively and confirm the presence of MBT in the 
interlayer gallery. Broadening of the OH-band for Zn(2)Al(1)-HxPO4 is possibly caused by 
the formation of hydrogen bonds between the phosphate groups and water molecules in the 
LDHs layers [36]. The vibrations of assigned to phosphates confirm their presence in the 
LDH structure.  
SEM images reveal that after ion-exchange the LDHs still show a plate-like 
morphology. However, the particle size distribution determined by DLS depends on the 
type of intercalated anions (Table 4.2.2. and Figure 4.2.3.). This may be related to the fact 
that the intercalating anions will change the Zeta-potential as shown in Table 4.2.2. and in 
some cases agglomeration of LDH particles will occur. The range of agglomerates 
diameter varies from submicron to 1.5 - 2 µm. For Zn(2)Al(1)-VOx prepared under 
ultrasound conditions it is around 500 nm. 
The values of zeta-potential reveal a decrease of stability of nanoreservoirs 
colloidal systems in H2O, in comparison to LDH-NO3 precursors. These results show that 
values of particle size diameters can be more accurately estimated from the SEM 
measurements, because instability of these LDHs in water complicates the correct 
assessment of this parameter.  
 
Table 4.2.2. Colloidal properties of LDHs nanoreservoirs. 
Composition Maxima of particle size 
distribution, nm 
Zeta potential, mV 
Zn(2)Al(1)-MoO4 459.00 ; 1480.00 * +27.30 
Zn(2)Al(1)-VOx 1990.00* +1.72 
Zn(2)Al(1)-MBT 1480.00* +29.00 
Zn(2)Al(1)-HxPO4 1280.00;5560.00  -17.40 
Zn(2)Al(1)-MoO4 (ultrasound) 4800.00* +12.50 
Zn(2)Al(1)-VOx (ultrasound) 459.00 -13.60 
* estimation is complicated, because of colloidal instability of the system 
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Figure 4.2.3. Particle size distribution of nanoreservoirs based on Zn(2)Al(1)-NO3 precursor with corrosion 
inhibitors. 
 
Figure 4.2.4. presents the structure, morphology and particle size distribution of 
nanoreservoirs loaded with corrosion inhibitors, prepared from Mg(2,3)Al(1)-NO3 and 
Zn(2)Cr(1)-NO3 precursors. Table 4.2.3. shows some parameters of the  LDH 
nanoreservoirs obtained from XRD data and DLS measurements. The ion-exchange 
reactions of Mg-Al-NO3 and Zn-Cr-MoO4 LDHs with MBT- and MoO42- were held at the 
same conditions like those mentioned for Zn(2)Al(1)-NO3 precursor, namely at pH = 10 
and pH = 9.2, respectively.  
The XRD patterns and the basal spacings of the nanoreservoirs are in agreement 
with the ones obtained for LDHs based on Zn(2)Al(1)-NO3 precursor intercalated with 
MBT anions. Positions of diffraction peaks shift to lower 2θ values upon exchange. In the 
XRD patterns of Mg(2,3)Al(1)-MBT additional peaks (similar to those observed in 
Zn(2)Al(1)-MBT) indicate that these samples contain two LDH phases. The values of 
average crystallite size (presented in Table 4.2.3.) were calculated for the main phase. The 
appropriate vibration bands of MBT are indicated in the FTIR pattern (together with small 
carbonate vibrations and bonds of interlayer water).  
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Figure 4.2.4. XRD, FTIR patterns, SEM images and particle size distribution of nanoreservoirs with 
corrosion inhibitors based on Mg(x)Al(1)-NO3; x =2,3 and Zn(2)Cr(1)-NO3 precursors. 
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Table 4.2.3. Parameters of LDH nanoreservoirs evaluated from XRD and DLS measurements. 
Compound Average 
crystallite size, 
nm 
Basal spacing, 
nm 
Maxima of 
particle size 
distribution, nm 
Zeta potential, 
mV 
Mg(2)Al(1)-MBT 8.60 1.70 955.00* +26.50 
Mg(3)Al(1)-MBT 4.20 1.69 122.00; 712.00 +39.60 
Zn(2)Cr(1)-MoO4 2.30 0.82 396.00;1280.00 +34.10 
* estimation is complicated, because of colloidal instability of the system 
 
Zn(2)Cr(1)-MoO4 was obtained as a single-phase LDH with the average crystallite 
size value of 2.3 nm and slightly lower basal spacing in comparison with Zn(2)Al(1)-MoO4 
nanoreservoir. Its FTIR spectra contain very small vibrations associated with CO bonds.  
In the nanoresevoirs Mg(2)Al(1)-MBT, Zn(2)Cr(1)-MoO4 and Mg(3)Al(1)-MBT, 
like in the respective LDHs  based on the Zn(2)Al(1)-NO3 precursor, a decrease in average 
crystallite size as a result of anion exchange was observed. 
Analysis of Zeta-potential values shows that Mg/Al-MBT nanoreservoirs are 
unstable in water and the values of particle diameter can be only properly estimated using 
SEM images. On the contrary, Zn(2)Cr(1)-MoO4 system is stable in water (Zeta potential 
is above +30 mV). Similar to nanocontainers based on Zn(2)Al(1)-NO3 precursor, Mg-Al 
and Zn-Cr LDHs preserve plate-like morphology upon ion-exchange.  
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Part II. Preparation of nanoreservoirs by calcination-rehydration methodology 
4.3 Preparation of LDH precursor 
Commercial synthetic hydrotalcite (referred hereafter as SH with formula - 
[Mg6Al2(OH)16CO3·4H2O] ) in powder form was used as precursor in the calcination – 
rehydration methodology (procedure conditions are described in the Experimental part). 
Figure 4.3.1. shows the XRD pattern and morphology of SH, as well as its particle size 
distribution. 
 
 
Figure 4.3.1. XRD pattern, SEM images and graph of particle size distribution of SH calcined.  
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It is seen from XRD data that calcination of SH results in decomposition of LDH 
structure. The SEM image also reveals the absence of typical plate-like morphology for 
LDHs. After calcination it changes to spheroid particles with the diameter typically around 
500 nm. The value of Zeta-potential of water suspension of calcined SH is +40.1 mV and 
maximum of particle size distribution detected by DLS is around 1.3 µm. For SH the 
maximum of particle size distribution is about 615 nm and value of Zeta potential is +7.13 
mV. The low value of zeta potential shows that SH is not stable in H2O, which is in 
agreement with visual inspection of the sample (SH could not be completely dispersed in 
H2O). Therefore, the obtained particle size distribution is not representative of SH system. 
 
4.4.Preparation of nanoreservoirs with corrosion inhibitors 
The reconstruction of LDH structure from calcined SH was performed by using 
solutions of the following corrosion inhibitors: MoO42- (Na2MoO4), VO3- (NaVO3), MBT- 
(2-mercaptobenzothiazole) and HPO42- (Na2HPO4). Characterization of these 
nanoreservoirs is presented in Figure 4.4.1. 
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Figure 4.4.1. XRD patterns, FTIR spectra, SEM images with particle size distribution of LDH 
nanoreservoirs prepared by calcination-rehydration methodology.  
 
Some parameters obtained from XRD data and DLS are collected in Table 4.4.1.  
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Table 4.4.1. Parameters of LDH nanoreservoirs prepared by calcination-rehydration methodology evaluated 
from XRD and DLS measurements. 
Compound Average 
crystallite size, 
nm 
Basal spacing, nm Maxima of 
particle size 
distribution, nm 
Zeta potential, 
mV 
SH-MoO4 11.00 0.77 825.00* +14.10 
SH-VOx 10.40 0.77 3580.00 - 9.02 
SH-MBT 8.70 0.78 1280.00; 5560.00 +42.10 
SH-HxPO4 10.60 1.06 295.00* +5.14 
* estimation is complicated, because of colloidal instability of the system  
 
XRD measurements reveal that rehydration results in reconstruction of LDH 
structure in all the LDH nanoreservoirs under study. However, the values of basal spacing 
for nanoreservoirs loaded with molybdates, vanadates and MBT anions are the same 
(within the experimental error). In fact,  these values are close to the basal spacing value of 
initial synthetic hydrotalcite, Mg(3)Al(1)-CO3 (0.76 nm [101, 102]). On the other hand, the 
observed values of basal spacing can be associated with intercalated OH- anions (0.72-0.79 
nm [26, 103]). Presence of OH- in the interlayers is more likely, because the concentration 
of this anion in the environment at the rehydration is higher than that of carbonate. 
Therefore, intercalation of corrosion inhibitors within the interlayer galleries by this 
methodology was not successful for the majority of corrosion inhibitors, although 
adsorption of inhibitors on LDHs surface is expected as shown in FTIR spectra.  
The basal spacing for the SH-HxPO4 is in agreement with the literature [36] and is 
identical to that like for Zn(2)Al(1)-HxPO4 LDH, showing that in this case intercalation 
was successful. This is also confirmed by vibrations assigned to phosphate species in the 
FTIR spectrum. Similar to Zn(2)Al(1)-HxPO4, the broadening of OH-vibration can indicate 
establishment of hydrogen bonds between water molecules and phosphates [36].  
Furthermore, SEM images confirm reconstruction of LDH plate-like morphology. 
The diameters of agglomerates can be estimated in the following range: for SH-MoO4 it is 
about 700 nm, for SH-VOx and SH-HxPO4 about 500 nm and for SH-MBT ca. 200 nm. 
Values of Zeta potential for most of these nanoreservoirs (except for SH-MBT) confirm a 
high tendency to agglomeration of the LDH particles. 
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The rehydration step is a complex process. Different factors can influence the 
formation of LDH structure, including different affinities of competing anions and the 
relative concentration. The LDH structure has strong affinity for intercalation of OH- and 
CO32- anions in comparison to corrosion inhibitors [14, 26]. On the other hand, successful 
rehydration depends on the calcination temperature [17]. Therefore, the calcination-
rehydration process needs to be further investigated and the experimental procedure 
optimized to achieve successful intercalation of corrosion inhibitors (e.g. composition of 
LDH precursor, temperature of calcination, pH, composition of aqueous solution used in 
the rehydration step). However, the main advantage of this methodology consists in the 
possibility of large scale production of LDHs. 
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Part III. Thermal characterization of LDHs 
4.5. TG/DTA measurements  
The thermal characterization of LDHs was performed for the representative system 
(Zn(2)Al(1)-NO3) prepared by regular coprecipitation. According to literature data 
available [104, 105] the thermal degradation of LDHs occurs typically in four steps: (i) 
desorption of physically adsorbed water; (ii) removal of water from interlayer galleries; 
(iii) dehydroxylation of brucite-like layers; (iv) decomposition of interlayer anions. 
Heating up to 250 0C leads to release of interlayer water, further increase of temperature up 
to 4500C causes dehydroxylation of hydroxide layers and decomposition of interlayer 
anion of the interlayer space. The thermal stability of different LDHs increases in the 
following order [26]: 
Co–Al < Zn–Al ≈ Cu–Al < Mg–Fe ≈ Ni–Al < Mg–Al ≈Mg–Cr 
Thermal decomposition of LDHs is dependent upon the type of presented cations in 
the hydroxides layers as well as on the structure and arrangement of interlayer anion.  
For Zn/Al LDHs, the removal of superficially adsorbed water is expected to occur 
in the range 25-70 ºC [106], further heating from 1000C to 1800C removes physically 
adsorbed water and intergallery water. The endothermic peaks in DTA spectrum in the 
temperature range between 180-290 0C are assigned to dehydroxylation of OH- lattice, and 
between 290-550 0C to decomposition of interlayer anion [67, 104]. The arrangement of 
the interlayer nitrates influences the thermal behavior of NO3- incorporated into LDHs. The 
distribution of nitrates in the interlayer space can change from “flat-lying” to “stick-lying” 
with the increase of nitrate anions within the galleries. The dehydroxylation process is 
retarded when nitrates are arranged in the stick-lying conformation, alternately attaching to 
top and bottom hydroxyl sheets of contiguous layers [26, 107]. 
Figure 4.5.1. shows TG/DTA spectra for Zn(2)Al(1)-NO3. In the beginning, the 
sample weight was 33.4 mg. In the DTA spectrum several endothermic peaks can be 
observed in the temperature range from 50 0C to 265 0C, namely at 95 0C, 170 0C, 235 0C 
and 2630C, further heating will lead to decomposition of nitrate anions. This is in 
agreement with literature data [26, 67, 104, 106-109].  
Analysis of the TG spectra shows that in the interval of temperatures up to 1700C 
mass loss is about 8 %. This attributed to loss of superficially and physically adsorbed 
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water and interlayer water. The second mass loss during heating up to 2630C 
(dehydroxylation of the hydroxide layers) corresponds to about 19 %. The splitting of 
peaks in the DTA spectrum at 235 and 263 0C can be associated to hydroxylation process 
of divalent and trivalent cations in the LDH structure [26]. The last mass loss (5.5 %) 
corresponds to decomposition of nitrates. 
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Figure 4.5.1. TG/DTA analysis of Zn(2)Al(1)-NO3 LDH 
 
Taking into account the initial mass of LDH for TG/DTA analysis (33.4 mg) and 
values of mass losses in every step it is possible to calculate the amount of substance 
corresponding to the total amount of water and amount of substance of nitrates in the LDH 
structure: n (H2O) = 0.148 mmol; n(NO3-) = 0.029 mmol.  
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Conclusions 
Several types of LDH materials intercalated with corrosion-inhibitors were 
successfully synthesized. These nanoreservoirs were prepared by two methodologies 
(coprecipitation/ion-exchange and calcination-rehydration), based on four LDH precursors 
with four different intercalating inhibitors. Particular attention was given to influence of 
various conditions on the precursor preparation, due to necessity of appropriate particle 
size distribution and colloidal properties of the final nanocontainers for their subsequent 
application in the anticorrosion coatings. The most important parameter for decreasing 
particle size has been found to be the application of ultrasound during the coprecipitation 
step.  
Structure, morphology and colloidal properties of synthesized  nanoreservoirs were 
characterized by several techniques including X-ray diffraction, Fourier transform infrared 
spectroscopy, SEM, dynamic light scattering. The prepared nanoreservoirs have a plate 
like morphology and the zeta potential depends on the type of cations that form LDH 
sheets and type of anions in the interlayer gallery. Additionally, the structural formula of 
Zn(2)Al(1)-NO3 LDH precursor was estimated by ICP spectroscopy and TG/DTA 
measurements. The obtained TG/DTA results are in good agreement with literature data. 
The success of inhibitor intercalation on LDHs was found to be dependent on the 
synthesis route. In the case of synthesis by coprecipitation/ion exchange, all the used 
inhibitors were intercalated whereas in the case of calcination-rehydration of synthetic 
hydrotalcite, only HxPO4 was successfully intercalated.  
FUTURE GUIDELINES: 
Further investigations of nanoreservoirs with corrosion inhibitors based on LDHs 
will be continued in the frame of my PhD thesis and will be devoted to synthesis of LDH 
nanoreservoirs by different methodologies with various inorganic and organic anionic 
corrosion inhibitors using the same LDH parent structure (Mg-Al and Zn-Al hydroxide 
layers ) and preparation of LDHs with other cationic structures. Special attention will be 
paid on the release studies of the active species (corrosion inhibitors) in different 
conditions relevant for the occurrence of corrosion activity in metallic substrates. Other 
investigations will include surface modification of LDHs for tuning of the release 
triggering conditions for improvement of LDHs stabilization in coating formulations and 
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determination of anticorrosion efficiency of LDH-loaded inhibitors with respect to 
different metallic substrates. 
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